Melioidosis is a severe infectious disease caused by Burkholderia pseudomallei. It is highly resistant to antibiotic treatment, and there is currently no licensed vaccine. Burkholderia thailandensis is a close relative of Burkholderia pseudomallei but is essentially avirulent in mammals. In this report, we detail the protective efficacy of immunization with live B. thailandensis E555, a strain which has been shown to express an antigenic capsule similar to that of B. pseudomallei. Immunization with E555 induced significant protection against a lethal intraperitoneal B. pseudomallei challenge in a mouse model of infection, with no mice succumbing to infection over the course of the study, even with challenges of up to 6,000 median lethal doses. By comparison, mice immunized with B. thailandensis not expressing a B. pseudomallei-like capsule had significantly decreased levels of protection. E555-immunized mice had significantly higher levels of IgG than mice immunized with noncapsulated B. thailandensis, and these antibody responses were primarily directed against the capsule.
B
urkholderia pseudomallei is a Gram-negative bacterium which can be readily isolated from soil and standing water in tropical regions. It is a facultative intracellular pathogen and is the etiological agent of melioidosis, a disease associated with a high casemortality rate in regions where it is endemic. Diagnosis and treatment are complicated by the presentation of melioidosis in varied clinical forms, ranging from acute septicemic infection to skin abscesses (1) . Chronic or latent infections are also common, with reactivation potentially occurring decades after exposure. Natural infection is primarily thought to be as a result of percutaneous inoculation or inhalation of aerosolized bacteria. The latter represents a route of infection leading to particularly acute disease, and it is primarily this which has prompted the listing of B. pseudomallei as a category B bioterrorism agent by the Centers for Disease Control and Prevention (2) and as a tier 1 select agent in the United States. Furthermore, B. pseudomallei is intrinsically insensitive to many antibiotics (3); even with appropriate therapy the mortality rate in areas of endemicity can be over 40% (4) . The need for prevention in the form of a vaccine is thus of importance.
Significant effort has been expended in the identification of vaccine candidates for protection against melioidosis, but thus far none are nearing licensure (reviewed in reference 5). The most efficacious candidates to date have been live vaccines based on attenuated strains of B. pseudomallei, of which a number have been described in the literature (6) (7) (8) (9) (10) (11) (12) (13) . However, these vaccines have not induced sterilizing immunity in animal models and, more importantly, there are safety concerns with the use of live attenuated vaccines due to the potential for reversion to a fully virulent phenotype. An alternative approach that cannot lead to reversion to virulence would be to use the closely related species Burkholderia thailandensis. This species has a high degree of genetic and serological identity with B. pseudomallei but has demonstrably low virulence in animal models (14) and is rarely reported to cause disease in humans. When this does occur it is often associated with a traumatic event or reduced immunocompetence (15, 16) . However, despite the obvious potential, to date the reported study that used live B. thailandensis as a vaccine did not represent a successful avenue of research; only 50% of animals were protected following immunization with B. thailandensis in a guinea pig model of melioidosis (17) . It is probable that the lack of the manno-heptopyranose capsule, a key virulence factor and immunogenic molecule present in B. pseudomallei (18, 19) but absent from B. thailandensis, was a significant cause of the failure of B. thailandensis to induce protection in this model. Capsular polysaccharides represent good vaccine candidates and a number are used in licensed vaccines, including those protecting against infections caused by Neisseria meningitidis, Haemophilus influenzae, and Streptococcus pneumoniae (20) .
In this report, we detail the use of B. thailandensis strains as live vaccines in a mouse model of melioidosis. Significant protection was induced by immunization with both of the B. thailandensis strains used. However, immunizations with the recently isolated B. thailandensis strain E555 (21) , which has been shown by monoclonal antibody reactivity to express an antigenic capsule similar to the manno-heptose capsule of B. pseudomallei, induced significantly better protection than immunization with a noncapsulated B. thailandensis.
MATERIALS AND METHODS
Bacterial strains. The bacteria used in this study were B. thailandensis strains E555 (21) Genetic comparison. The genetic relatedness of B. thailandensis strains (E264, E555, and CDC2721121) to B. pseudomallei K96243 was estimated based on the multilocus sequence typing (MLST) loci (http: //bpseudomallei.mlst.net). Similarity metrics were generated by a k-mer (k ϭ 10)-based approach (23) .
Western blot analysis. Strains were examined for antigen production using Western hybridization. Heat-killed extracts of the Burkholderia strains were prepared as previously described (24) . Following this, samples were treated with 2 mg/ml proteinase K at 50°C for 90 min and separated on Novex 4 to 20% Tris-glycine SDS gels (Life Technologies, Paisley, United Kingdom) according to the manufacturer's instructions. The samples were next blotted to nitrocellulose membranes using the Novex electrotransfer system (Life Technologies) according to the manufacturer's instructions and probed as previously described (25) using capsule-and O-antigen-specific antibodies (detailed in Results) but using SigmaFast DAB (Sigma, Gillingham, United Kingdom) for development of the membranes.
Animal studies. Animal studies were performed using 6-to 8-weekold female BALB/c mice (Charles River, United Kingdom). Animals were held in groups of five with free access to food and water under a 12-h light/dark cycle. Details of immunizations and challenges are in Results. After immunization with B. thailandensis via the intraperitoneal (i.p.) route, the mice were handled in primary containment under ACDP containment level 2 conditions within a flexible-film isolator. After challenge with B. pseudomallei or F. tularensis, animals were handled under ACDP containment level 3 conditions within a rigid-wall half-suit isolator. All investigations involving animals were carried out according to the requirements of the Animal (Scientific Procedures) Act 1986. For organ bacterial enumeration, animals were culled via cervical dislocation according to schedule 1 of the Animal (Scientific Procedures) Act 1986, and organs were removed. These were mashed through 40-m sieves into phosphate-buffered saline (PBS), serially diluted, and plated onto L agar.
Analysis of antibody responses. Approximately 100 l of blood was removed from the tail veins of mice 5 weeks after immunization with B. thailandensis. After the blood was allowed to clot at 4°C the serum was removed and stored at Ϫ20°C. The responses directed against B. pseudomallei K96243 were assessed by an enzyme-linked immunosorbent assay (ELISA) as described previously (26) , with wells coated with approximately 1 ϫ 10 7 CFU of the appropriate heat-inactivated (Ͼ80°C for 4 h) B. pseudomallei strain. The concentrations of B. pseudomallei-specific antibodies were calculated by comparison to a standard curve generated using mouse IgG as previously described (26) .
Data analysis. All graphs were produced using the program GraphPad Prism V5.0. All analyses were performed using the statistical analysis package SPSS version 18. Survival data were analyzed using a log rank test stratified by bacterial challenge dose or experiment. Bacterial burden data were transformed to the logarithm of 10, to better fit the requirements for parametric analysis, and compared using a univariate general linear model with Bonferroni's posttests to compare vaccination groups and take account of experimental runs. Antibody data were transformed to the logarithm of 10, to better fit the requirements for parametric analysis, and compared using a univariate general linear model to compare vaccination groups and take account of experimental runs.
RESULTS

B. thailandensis E555 expresses capsular antigen.
B. thailandensis E555 has previously been shown to express a capsular antigen which is similar to the manno-heptose capsule of B. pseudomallei (21) . To confirm in vitro expression of this capsule prior to work involving animals, samples of heat-inactivated bacteria were examined using the capsule-specific monoclonal antibody 4VIH12 (27) . Strain CDC2721121 was chosen to be the control noncapsulated B. thailandensis throughout this study. This strain is closely related to E555 and together these two strains are part of a subgroup which is genetically distinct from other B. thailandensis isolates (21) . Similarity metrics generated using MLST loci indicate that strains E555 (68.89) and CDC2721121 (68.84) are both genetically more similar to B. pseudomallei K96243 than the B. thailandensis E264 reference strain (67.13). Immunodetection using monoclonal antibodies specific for the manno-heptose capsule (28) evidenced high-molecular-weight material in the B. pseudomallei K96243 and B. thailandensis E555 samples which was absent in noncapsulated B. thailandensis CDC2721121, indicating the production of manno-heptose antigen in B. thailandensis E555 (Fig. 1A) .
It has been shown that, whereas there is only a single serotype of capsule, there are several serotypes of O antigen in B. pseudomallei (29) and slight modifications to O-antigen structure in B. mallei which affect antibody recognition (30) . There is a robust immune response to the different O antigens which may complicate analysis of protection data if the vaccine strains express different O antigens, and as such the serotypes of the various strains in this study were assessed. The genome sequence of E555 indicates that it should express the "typical" O antigen of B. pseudomallei (type A according to the scheme of Anuntagool et al. [29] ), which is found in the majority of B. pseudomallei isolates, including K96243 (29) . This was confirmed through Western blot analysis using in-house-generated rabbit polyclonal antibodies recognizing B. pseudomallei O antigens type A and type B and monoclonal antibodies recognizing B. mallei O antigen (28) . Strain CDC2721121 similarly expressed the type A O antigen (Fig.  1B) , indicating that there are no identifiable antigenic differences between the O antigens of E555 and CDC2721121 which could complicate the study.
B. thailandensis E555 is rapidly cleared from BALB/c mice. B. thailandensis E555 has previously been shown to be essentially avirulent in mice, with no mortality observed following inoculations of up to 10 6 CFU via the intranasal (i.n.) route (21) . These mice had cleared the bacteria within 14 days. In order to examine the kinetics of B. thailandensis E555 survival following i.p. inoculation, groups of 5 mice were inoculated via the i.p. route with 1 ϫ 10 6 CFU of B. thailandensis E555 and culled at selected time points thereafter, and organs were taken for bacterial enumeration (Fig.  2) . Dissemination of B. thailandensis to organs was rapid; 24 h after inoculation bacteria were recovered from the lungs, liver, and spleen of all mice, with the liver being the most heavily contaminated organ, having counts of up to 1 ϫ 10 4 CFU per organ. Clearance of the bacteria was equally rapid; by 48 h postinoculation bacterial counts had dropped by at least 2 logs in the liver and only isolated colonies were recovered from the lungs and spleen, and 72 h postinoculation and thereafter no bacteria were detected in any organs tested (our detection limit was ϳ1 ϫ 10 1 CFU/ organ). Mice culled 35 days after inoculation similarly had no detectable B. thailandensis and visual examination revealed no obvious organ pathology which indicated an infection had developed.
Capsule-specific antibodies dominate humoral responses. To examine the development of antibody responses in immunized mice, tail bleeds were performed 5 weeks after immunization and sera recovered to measure antigen-specific responses. Sera from PBS-immunized mice did not recognize heat-killed B. pseudomallei K96243, whereas sera from E555-immunized mice had a geometric mean B. pseudomallei-specific IgG concentration of 34,280 ng/ml. Interestingly, mice immunized with CDC2721121 had a geometric mean B. pseudomallei-specific IgG concentration of only 5,747 ng/ml, a statistically significant difference (P Ͻ 0.001) compared to the E555-induced IgG concentrations (Fig. 3A) . In order to ascertain whether this difference was primarily due to capsule-specific antibodies generated only with E555 immunization, ELISAs were performed using capsule-deficient B. pseudomallei K96243 ⌬wcbH as the antigen (Fig. 3B) . The geometric mean IgG concentrations in the two vaccine groups using this antigen (2,316 ng/ml and 3,560 ng/ml for CDC2721121 and E555, Immunization with capsulated B. thailandensis elicits protective immunity. Groups of mice were immunized with approximately 5 ϫ 10 5 CFU of E555 or CDC2721121 or with PBS via the i.p. route and 42 days thereafter were challenged with 6 ϫ 10 4 CFU (ϳ60 minimal lethal dose [MLD]), 6 ϫ 10 5 CFU (ϳ600 MLD), or 6 ϫ 10 6 CFU (ϳ6,000 MLD) of B. pseudomallei K96243 via the i.p. route. This route of infection leads to highly acute disease in BALB/c mice and, as expected, the mice immunized with PBS rapidly succumbed to the infection prior to the end of the experiment, with only a single survivor in the lowest-challenge group. Mice immunized with the noncapsulated B. thailandensis CDC2721121 were protected against the 60-and 600-MLD challenges but not against the 6,000-MLD challenge, where only one of five mice survived to the end of the study. In contrast, all of the mice immunized with B. thailandensis E555 survived to the end of the study irrespective of the challenge dose ( Table 1) . Analysis of these data using a stratified (by challenge) log rank test indicated that immunization with either CDC2721121 or E555 provided significant protection compared to the PBS-immunized mice (P Ͻ 0.0001). Furthermore, immunization with capsulated B. thailandensis E555 induced significantly better protection at day 35 than immunization with B. thailandensis CDC2721121 (P Ͻ 0.05).
At the end of the study, the spleens of surviving immunized mice were recovered and bacterial burdens determined. The lowest challenge dose (6 ϫ 10 4 CFU) was cleared in all groups, at least beyond our limit of detection (ϳ1 ϫ 10 1 CFU/spleen). Higher challenge doses resulted in a mix of mice displaying clinical signs of infection, abscesses on the spleens, and high splenic burden (between 2.9 ϫ 10 4 CFU/spleen and 3.5 ϫ 10 7 CFU/spleen) and mice displaying no clinical signs, no obvious organ pathology on visual inspection, and no bacteria present. Fifty percent of the mice receiving E555 as a vaccine and a challenge of 6 ϫ 10 5 or 6 ϫ 10 6 CFU had no detectable bacteria in spleens compared with 30% for the surviving CDC2721121-immunized mice receiving the same challenges. There was a correlation between the ability of the E555-immunized mice to clear infection and the prechallenge anti-B. pseudomallei IgG concentration (Fig. 4) .
Protection conferred by capsulated B. thailandensis is specific. It is known that B. pseudomallei establishes persistent infections and, although no such phenotype has been documented for B. thailandensis and the clearance studies performed in this work detail rapid clearance of the E555 inoculation, it is conceivable that the protection observed against B. pseudomallei may have been due to low levels of B. thailandensis persisting in the host and stimulating an innate immune response. In order to fully discount this possibility, we immunized a group of 5 mice with B. thailandensis E555 as previously described and subsequently challenged the mice with approximately 1,000 CFU (1,000 ϫ MLD) of F. tularensis HN63 by the i.p. route. It has been shown previously that administration of synthetic CpG DNA can induce nonspecific protective responses in mice that are capable of protecting against i.p. challenges with up to 1,000 ϫ MLD of F. tularensis subsp. holarctica (31, 32) . However, none of the mice in this study survived beyond day 4 postchallenge, and the mice immunized with E555 succumbed at the same rate as a group of 5 mice immunized with PBS rather than B. thailandensis (data not shown). In order to demonstrate that those mice receiving the E555 immunization did elicit an immune response against B. thailandensis E555, sera taken from the immunized mice was assessed for antibody levels. The IgG response of these mice was not significantly different from those of the mice surviving the B. pseudomallei challenge.
Immunization with capsulated B. thailandensis promotes early control of bacterial numbers. To ascertain whether vaccine-induced immunity acted early in the infection process, immunized BALB/c mice were challenged with 6 ϫ 10 4 CFU of B. pseudomallei and culled after 24 h, and spleens were removed to determine the bacterial burden (Fig. 5 ). Mice immunized with PBS had geometric mean splenic counts of 1.51 ϫ 10 4 CFU/ spleen. Mice immunized with CDC2721121 displayed lower counts with a geometric mean of 2.78 ϫ 10 3 CFU/spleen, but these counts were not significantly lower than those from the mice receiving PBS as a vaccine. In contrast, those mice receiving E555 as a vaccine had a geometric mean count of 1.97 ϫ 10 2 CFU/spleen, significantly lower than both the PBS-immunized and CDC2721121-immunized mice (P Ͻ 0.001 and P Ͻ 0.01, respectively), including four mice (40%) from which no bacteria were isolated at all.
DISCUSSION
B. thailandensis strain E555 represents an important asset in the search for a vaccine against melioidosis. Live bacterial vaccines are in use today, notably the BCG vaccine protecting against tuberculosis; however, the appetite for licensing new live vaccines is low due to uncertainty regarding safety and production. B. thailandensis is a relatively harmless bacterium with very few instances of human infection reported, and in these cases it was generally associated with traumatic events or potentially reduced immunocompetence (15, 16) . Similarly, animal models indicate that to establish disease with B. thailandensis requires considerable numbers of bacteria (14, 19, 21, (33) (34) (35) . The data presented in this report suggest that this strain of B. thailandensis in particular seems to be less virulent than most B. thailandensis isolates; certainly it is cleared from the host rapidly. B. thailandensis E264 delivered to C57BL/6 mice via aerosol is found at high levels in distant organs for at least 3 days after challenge (33) , and highly attenuated B. pseudomallei bacteria are able to persist in organs for several weeks after infection (7, 8, 11) . Contrastingly, B. thailandensis E264 mutants lacking a fully functional bsa (Burkholderia secretion apparatus)-encoded type III secretion system is effectively cleared from organs within 3 days (33) . Although B. thailandensis E555 does not have any obvious defects in its bsa type III secretion system, this comparison might suggest that E555 is attenuated compared to typical B. thailandensis isolates such as E264, which are themselves considered to be essentially avirulent, and that E555 might be a favorable option from a safety perspective.
The presence of capsular antigen appears to be important in the success of E555 as a vaccine for melioidosis. Noncapsulated B. thailandensis CDC2721121 elicits responses that provide a degree of protection, but the presence of capsular antigen is necessary for the superior protection seen with E555, although it must be made clear here that E555 and CDC2721121 are not isogenic strains and there could be other antigenic differences between them. These data are in line with previous observations regarding the importance of capsular antigen in a live vaccine setting; B. thailandensis lacking capsule (36) and B. pseudomallei mutants lacking capsule fail to provide full protection when used as live vaccines (27) , whereas auxotrophic mutants retaining the capsule provide excellent levels of protection (7) (8) (9) 13) . Analysis of antibody concentrations in the vaccinated mice in this study supports the importance of the capsule as an immuno-dominant protective antigen. The CDC2721121-and E555-immunized mice had similar levels of antibodies directed against noncapsule antigens, and yet the CDC2721121-immunized mice failed to adequately control infection with higher challenges. In contrast, more than half of the antibody responses in the E555-immunized mice were directed against the capsule and these mice were well protected against high challenges. The exact mechanism of protection observed in this study remains to be fully elucidated, and it is probable that this is multifactorial in nature, utilizing both cell-mediated and antibody responses. Antibodies are known to protect to a degree when used passively in animals (25, (37) (38) (39) (40) (41) , and certain types of antibody are correlated with better clinical outcomes in humans (42) . The complete protection induced by immunization with E555 precluded correlation between antibody levels and survival in this study, although it is of interest to note that the single surviving CDC2721121-immunized mouse in the group challenged with 6 ϫ 10 6 CFU B. pseudomallei also had the highest concentration of anti-B. pseudomallei IgG in that group. There was a strong correlation between the ability of E555-immunized mice to clear the infection and their anti-B. pseudomallei IgG concentrations (P ϭ 0.0079); the five highest antibody concentrations were in the five mice clearing infection. This points to an important role for antibodies in the protection observed in these studies and may suggest antibodies be examined in more detail as potential correlates of protection.
B. pseudomallei is well known to cause chronic infections, characterized by abscesses of the spleen in particular, so the ability of these immunizations to induce what is, at least to our ability to detect, a sterilizing immunity with no chronic infection in 50% of the mice challenged with at least 6 ϫ 10 5 CFU of B. pseudomallei is encouraging. Previous studies using attenuated B. pseudomallei live vaccines have revealed that survivors are generally all colonized at the end of the study (9, 13) . Clearly it is highly desirable for a vaccine to prompt clearance of infection from all individuals, and in this study that was not achieved. However, there is considerable scope to optimize this vaccine, through prime-boost strategies for example (6, 9) , and to use the vaccine in combination with conventional antibiotic therapy to promote bacterial clearance, approaches which are currently being examined. The combination of antibiotics and vaccines may be a particularly promising approach. It should be noted that previous work has indicated that protection levels may vary depending on the route of challenge, with intravenous challenges overcoming immunity capable of protecting against intraperitoneal challenges (13) . Future work will examine whether the E555-induced protection documented against an intraperitoneal challenge extends to inhalational challenges.
Early elimination of infecting bacteria is obviously beneficial since it will prevent disease from occurring, and melioidosis seems to progress fairly independently of any treatment once established. It is known that mice which have an innate resistance to melioidosis, such as C57BL/6 mice, are capable of clearing most bacteria within a few days of infection, whereas highly susceptible strains such as BALB/c fail to adequately control bacterial numbers early in the infection and thus develop melioidosis with lower bacterial challenges (43, 44) . Our data from mice culled 24 h after challenge indicates that vaccination with E555 induced responses that showed significantly better limitation of infection within the critical first few hours than the CDC2721121-induced responses. Interestingly, although all of the E555-immunized mice survived challenges of Ͼ6 ϫ 10 5 CFU B. pseudomallei, 50% of them did have high numbers of bacteria colonizing their spleens and would presumably therefore succumb to melioidosis at some point. The remaining 50% had cleared the infection, at least beyond our ability to detect. This figure is not dissimilar to the 40% clearance seen after 24 h and indicates that early clearance may be the key to longer-term sterilizing immunity.
In summary, our data indicate that the use of live B. thailandensis induces protective responses but that the best protection is observed with the use of B. thailandensis expressing capsular polysaccharide. This further demonstrates the importance of capsular polysaccharide in the generation of a protective immune response against B. pseudomallei. Furthermore, we have identified B. thailandensis strain E555 as a potentially safe and efficacious vaccine for use in protection against melioidosis.
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